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CHAPTER I
INTRODUCTION
The availability of Nanocrystalline materials can be limited in volume. Thus to
evaluate their mechanical properties, sub scale size specimens are often used. As the
specimen size is scaled down, the size of the uniaxial load frame can also scaled. Typical
properties measured using uniaxial tension tests include yield strength, ultimate tensile
strength, elastic modulus, and strain to failure. A survey of suppliers that sell
commercially available load frames shows costs ranging from approximately 30K – 50K
USD [1-3]. However, these commercially available frames are usually adapted to the
specific testing requirements of each project. Because of the customization required of
commercially available load frames, it is not uncommon to find researchers who have
built their own load frames [4-7]. Since modification on some level will be necessary;
the decision was made to build a custom load frame. Using rough sketches of a miniature
load frame built by another researcher [4] as a design basis, a SolidWorks [8] 3-D model
was created as illustrated in Figure 1.1 with the design changes required for current
testing needs. Major components labeled in Figure 1.1 are summarized in Table 1.1.
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Figure 1.1 Miniature Load Frame 3D Model.

Table 1.1 Legend for the 3D Load Frame Model Components.
No.
1
2
3
4
5
6
7
8
9
10
11

Component
Frame Rail
Fixed Crosshead (Motor Side)
Linear Step Actuator
Specimen Connecting Rod (Motor Side)
Movable Crosshead
Specimen Grips
Pull Rod Support
Specimen Connecting Rod (Load Cell Side)
Expansion Coupler
Load Cell
Fixed Crosshead (Load Cell Side)
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Material
440C Stainless Steel
15-5 PH Stainless Steel
N/A
440C Stainless Steel
15-5 PH Stainless Steel
4340 Stainless Steel
15-5 PH Stainless Steel
440C Stainless Steel
AL 6061-6511
N/A
15-5 PH Stainless Steel

CHAPTER II
BACKGROUND
Typical mechanical property tests are run in accordance with ASTM E-8 [9] using
standard size coupons. However, with materials research trends shifting from micron
sized grains to nanocrystalline materials, the small volume available restricts the size of
the test coupon. When a limited amount of material is available miniature coupons must
be used, and as the specimen size is scaled down, so can the load frame. ASTM
standards were consulted to establish appropriate design requirements for a miniature
load frame.

ASTM Standard Guidelines
ASTM provides standards for testing a variety of materials. Specific standards
regulating scaling and testing of miniature metallic specimens are few leaving most of the
judgment to the researcher to suitably size a specimen. However some ASTM standards
used in testing standard materials do apply to miniature specimen testing such as:
determination of elastic modulus [9,10,11], reduction of data [9,10,11], data acquisition
rates [9,10,11], load frame calibration [12], load measurement verification [13], and
mechanical property measurements [9,10,11].
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Nanocystalline Materials
The geometry of a standard test specimen per the ASTM E-8 standard for metallic
plate material is shown in Figure 2.1. The standard was developed for testing of typical
polycrystalline materials with a grain diameter in the range of 60 to 150 µm (2.362 x 10-3
to 5.906 x 10-3 inches). Figure 2.2 compares optical micrographs for a AA2219-T87
rolled plate parent material (a) versus the same alloy in which the grains have been
refined (b). The optical micrographs reveal that the L3 grain size in the refined grain
sample is less that 1/20th of the parent material L3 grain size. Based on a 1/10th scaling, a
miniature tensile coupon was designed to contain the equivalent number of grains in the
cross sectional area as illustrated in Figure 2.3.

Figure 2.1 AA2219-T87 ASTM E-8 Standard Tensile Coupon. Units are in Inches
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Figure 2.2 Optical Micrographs of conventional AA2219-T87 and refined AA2219-T87
Material

Figure 2.3 Miniature Tensile Coupon Fabricated from FSW Nugget Material

Tensile specimens are designed with a 0.100 inch shoulder radius to ensure the
concentration of stresses in the gage section. To verify the concentration of stresses in
the center of the miniature gage region, finite element analysis (FEA) is used. In order to
establish a baseline for the notch stress concentration factor (Kt) [14], the ASTM tensile
coupon shown in Figure 2.3 was analyzed with ALGOR [15] using 8-node solid brick
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and tetrahedral elements. Using axial symmetry, 1/4th of the coupon was analyzed to
reduce computation time, and with symmetric boundary conditions applied on the cut
sections as illustrated in Figure 2.4.

Figure 2.4 FEA of an ASTM Tensile Coupon for Metallic Sheet Material with 0.50 inch
Radius Shoulder.

This analysis revealed that the Kt of an ASTM approved coupon for the AA2219-T87
parent material is approximately 1.337. The thickness of the miniature specimens,
0.0125 inches, falls into the sheet material category according to ASTM standards for
tension testing metallic materials. According to this standard [9], the minimum radius
that should be used when fabricating a sheet type specimen is 0.5 inches. The notch
radius chosen for the miniature tensile specimens was 0.10 inches. A FEA of the
miniature specimen geometry from Figure 2.4 reveals a Kt of approximately 1.202. A
6

contour plot showing the loads, boundary conditions, and results from this analysis are
shown in Figure 2.5. The Kt of this specimen geometry is less than that of the ASTM
prescribed full size coupon thus this stress concentration near the notch is acceptable.

Figure 2.5 FEA of Miniature Specimen Stress Concentration with 0.10 inch Radius
Shoulder.
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CHAPTER III
LOAD FRAME DESIGN CRITERIA
Design Goals
Table 3.1 outlines the design goals for the miniature load frame. A quasi-static
test is defined to be in the strain rate range of 5 - 1 x 10-5 (in/in)/s [16].

Table 3.1 Design Requirements.
Design Aspect
Alignment
Strain Rate
Measurements
Environment

Specified Requirement
Uniaxial
Quasi-Static Range
Force and Displacement
Room Temperature
Cryogenic (Liquid Nitrogen)
Elevated Temperature (Up to 500°C)

Design Requirements
Applying the quasi static conditions to the miniature tensile specimen gage length
discussed in Chapter 3, appropriate extension rates of 1.0 – 0.000002 inches/second were
determined [16]. Next the maximum values of loads and deflections expected for the
miniature specimens were calculated using published mechanical properties for AA2219T87. Since the temper of the refined grains is unknown, these calculations were also
performed using published mechanical properties for AA2219-O.
8

The T87 and O designations refer to the temper of the aluminum alloy where O
designation represents fully annealed. Table 3.2 and Table 3.3 summarize the upper and
lower mechanical property limits, respectively, used for the design requirements of the
load frame [17, 18].

Table 3.2 Maximum Limits for Miniature Load Frame Operation Based on AA2219-T87
Properties [17].
AA 2219-T87 Properties: UTS = 69000 psi; YS = 57000 psi ; %elongation = 10%
54
65
0.02

Tensile Yielding Load
Ultimate Tensile Failure Load
Elongation at Fracture

lbf
lbf
inches

Table 3.3 Minimum limits for Miniature Load Frame Operation Based on AA2219-O
Properties [18].
AA 2219-O Properties: UTS = 25000 psi; YS = 11000 psi ; %elongation = 18%
10.3
23.4
.036

Tensile Yielding Load
Ultimate Tensile Failure Load
Elongation at Fracture

lbf
lbf
inches

ASTM E-8 and E-557 provide guidelines for testing of wrought bulk aluminum and
specifies a rate of stress not to exceed 100,000 psi/min during tensile testing [9, 11].
Likewise, ASTM standard E-8 suggests a strain rate in the range of 0.002 – 0.010
(in/in)/second, which agrees with the ranges defined for a quasi-static test [9, 16]. ASTM
also advises the test engineer to exercise good judgment in selecting test criteria which
produces repeatable results [9 - 11]. Based on the failure predictions, ASTM guidelines,
9

and quasi-static conditions, the tension testing criteria selected as the basis for the
miniature load frame design are summarized in Table 3.4.

Table 3.4 Miniature Load Frame Design Requirements.
Test Duration
Data Sampling
Rate of Extension
Load Capabilities
Maximum crosshead extension

60 or less
1 - 15
0.0015 - 1.000
100
0.06

minutes
data points / sec
inches / minute
lbs (max)
in (max)

Load Frame Compliance
Both the specimen and the load frame will deflect during the course of a test.
This deflection of the load frame is referred to as machine compliance. Ultimately the
load frame compliance will be measured and factored out of any test data taken with the
machine [16]. Although compliance will be factored out of the test data, compliance
needs to be considered in the course of the frame design. The reason for this is to ensure
that the load frame structural components do not yield.

Drive System
Electro mechanical actuation was a design selection for this tensile load frame.
This actuation system was chosen over hydraulic actuation because of its increased
rigidity and less complex control system. Electromechanical actuation will provide
sufficient power and speed over the design range of this load frame [19].
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CHAPTER IV
LOAD FRAME DESIGN
Conceptual Design
A schematic of this tensile load frame operation is pictured in Figure 4.1. A
Elwood Gettys NEMA 23A-6102A [19] linear stepper actuator is used to actuate the
crosshead of the load frame. This device requires no external gearing to generate straight
line, one dimensional motion. Since the motor axis is constantly energized, it requires no
external breaks or encoders. The stepper actuator is a 2-phase motor composed of an Aphase coil and a B-phase coil. When a pulse train voltage signal is sent to these coils, the
coils alternately energize causing a “step” or partial rotation with each signal. Each step
equates a partial uniaxial displacement of the actuator [20]. Because the stepper motor
provides a precise movement of the load frame crosshead, cross head displacement and
velocity can be determined directly from its movement by tracking the number of pulses,
“steps”, sent to the motor [20].

Free Body Diagram (FBD)
Figure 4.2 summarizes the forces the load frame would experience during a test.
The external force supplied by the stepper actuator (the black arrow in Figure 4.2) results
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in an internal tensile force in the specimen. Half of this tensile force is transferred to
each frame rail in the form of an internal compressive force.

Figure 4.1 Load Frame Conceptual Operation Schematic.

Simplifying Assumptions
Translation in the Z-direction (TZ) is assumed to be zero as is rotation about the X
and Y(RX and RY) axes. Analytical estimations suggest that the load frame is
approximately five times as stiff as the miniature specimens (assuming that the specimens
are aluminum), and thus the load frame will be assumed to be five times as stiff as a
would be specimen. These assumptions are used in the analysis discussed in Section 0.
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Figure 4.2 Miniature Load Frame Free Body Diagram

Limitations of Components
The limiting component of the load frame is the motor. With a maximum onedimensional force of 100 lbs, the motor will overload before the physical limitations of
the load frame are reached. If another motor with a higher load capacity were purchased,
the next limiting components are the fixed crosshead clamps. As shown in Figure 1.1,
the crossheads are “fixed” to the frame rails via clamps machined into the crossheads.
The actual limitations of the clamping force is not known, and if the load frame were to
be retrofitted with a more powerful motor, then experiments should be performed to test
the capabilities of the crosshead clamps. If the crosshead clamping force is sufficient, the
next weakest component would be the connecting rods. The connecting rod ends are
13

threaded in order to connect them to the load cell and stepper actuator. These threaded
connections could pose a problem at loads higher than 100 lbs, and it would be advisable
to redesign these if higher load testing is to be performed.

Structural Analysis
Figure 1.1 showed a schematic of the load frame design being adapted for this
project with a description of the major components in Table 1.1. The schematic was
generated using SolidWorks. After constructing the 3-D model, a free body diagram was
constructed of the expected forces and displacements as shown in Figure 4.2. This figure
indicates the critical load bearing components, referenced in Table 1.1, include: the fixed
crossheads, and specimen pull rods.
The stresses/displacements of these components were analyzed in detail using
ALGOR. The analysis is based on linear elastic conditions using 8-node brick and
tetrahedral elements. Figure 4.3 summarizes the boundary conditions and load imposed
on the load cell side fixed crosshead. This crosshead is considered to be the weaker of
the two crossheads due to the material removed to allow clearance for the stepper motor.
In Figure 4.3, region 1 shows the 100 lb maximum load being evenly distributed over 4
points. Region 2 represents the clamping force applied to fix the crosshead to the support
shafts. The boundary conditions for these regions fix translation (T) in the Z and Ydirections at zero (TZ=TY=0). The analysis predicted a maximum deflection of the
motor-side crosshead under a maximum 100 lbf load to be approximately 0.000012
inches. This amount of deflection is approximately 0.9% of the expected displacement at
14

a specimen’s ultimate tensile strength. The other critical component in the load frame is
the specimen connecting rods. Figure 4.4 shows the applied load and constraints to the
connecting rod. An assumed maximum load of 100 lbf was applied at the end of the rod
in the negative Z direction (region 1), while translation in the X, Y, and Z-directions were
fixed (TX,=TY=TZ=0). This part is composed of three pieces which are the specimen
grip, connecting rod, and expansion specimen coupler (which is used to connect the load
cell to the connecting rod).

Figure 4.3 Loads and Boundary Conditions for Fixed Crosshead FEA
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The connecting rod and specimen grips are stainless steel, and the expansion coupler is
made of aluminum; the three are joined by threaded connections. Most of the deflection
will occur in the section labeled B of Figure 4.4. This member is a 3/8” diameter, 6” long
stainless steel rod, which because it is the longest, slimmest member carrying the highest
load it will be the largest contributor to the load frame compliance. It is also the most
likely component to yield under tensile loading since it must carry the full load applied to
the specimen.
The deflection of the connecting rod can be determined using Hook’s Law
σ = (E) (ε)

(4.1)

where σ is stress, E is elastic modulus, and ε is strain. Substituting the equations for
stress and strain (Equation 4.2 and Equation 4.3) into Hook’s Law (Equation 4.1) yields
Equation 4.4
σ = (P) / (A)

(4.2)

ε = ∆l / lo

(4.3)

σ= P / Arod = (ESt) (ε) = (ESt) (∆l / lo)

(4.4)

where P is load, A is crossectional area of the 3/8” shaft, ∆l is change in length of the
shaft relative to the initial length, ESt is modulus of elasticity of steel, and lo is original
length of the shaft. Solving this equation for ∆l provides an expression for change in
length per applied load
∆l = [(P / Arod) lo] / ESt
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(4.5)

Assuming a maximum load of 100 lbf and solving Equation 4.4, it was determined that
one specimen connecting rod would deflect approximately 0.0002 inches. Under these
assumptions and conditions, the connecting rod factor of safety against yielding was
computed to be 8. Since there are two connecting rods, the amount of machine
compliance contributed by these two rods would be on the order of 0.0004 inches at 100
lbf. Putting the load frame deflections in perspective to that of the test coupons again
requires the use of Hook’s Law to determine the elastic deflection of the miniature
specimens.

Figure 4.4 Loads and Boundary Conditions for Load Cell Side Specimen Connecting
Rod.
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This time the crossectional area (Aspecimen), modulus of elasticity of aluminum (EAl), and
gage length of the miniature specimen (lo) will be used to calculate the elastic deflection
due to an applied load P.
(4.6)

∆l = [(P / Aspecimen) lo] / EAl

Assuming a maximum load of 100 lbf and solving Equation 4.6, it was determined that
the maximum deflection of a miniature specimen is approximately 0.002 inches.
According to this approximation, the load frame is almost five times the stiffness of a
hight strength aluminum alloy (AA2219). A truer comparison of frame compliance to
specimen deflection would be to average the elongations at fracture in Table 3.2 and
Table 3.3 and compare this value to the maximum frame deflection. This approach is
more realistic because it accounts for the plastic deformation of the miniature specimens.
The average elongation at fracture for a miniature specimen is 0.028 inches, so by
comparison the load frame’s maximum estimated deflection is 1.5% that of the miniature
specimen. Table 4.1 summarizes the expected compliance contributions from the
analyzed components of the load frame.

Table 4.1 Summary of Miniature Tensile Machine Compliance
Crosshead Deflection x 2
Specimen Connecting Rod Deflection x 2
Specimen Deflection at UTS
Total Machine Deflection
Compliance Percent of UTS Deflection
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0.000024
0.0004
0.028
0.000424
1.5

inches
inches
inches
inches
%

Grip Design
Custom small specimen grips, pictured in Figure 4.5, were constructed for use
with the miniature tensile samples.

Figure 4.5 3D Model of Small Specimen Grips.

These grips were fabricated by technicians at the Materials, Processing, and
Manufacturing Department, NASA-Marshall Space Flight Center [21]. Profiles of the
miniature specimen gripping sections were machined into the grip to aid with alignment
as well as gripping. Microsample testing performed by other researchers [7, 22] have
shown notable success using machined recesses for aiding with specimen alignment.
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Instrumentation
The detailed drawings were completed using SolidWorks and are presented in
Appendix A. The load frame was designed to use 3 primary instruments to conduct a
test: a linear stepper motor, load cell, and linear voltage differential transducer (LVDT)
[23]. These components are illustrated in Figure 4.6 with their associated inputs/outputs
summarized in Table 4.2. Supporting components are also required and include a motion
controller, motor driver, external power supply, and personal computer (PC). Since these
sub-devices are associated with use of the primary three, minimal detail will be provided
concerning these supporting components.
The stepper actuator is controlled by a National Instruments (NI) MID-7602 [24]
2-axis powered drive. It is this device that generates the pulse train signal that controls
the motor movement. Another function of this driver is to microstep the signal.
Microstepping essentially “chops” a whole step into a series of smaller steps. This
enables smaller increments of movement per pulse as well as a smoother displacement
over a given range of motion [20]. The MID-7602 is controlled by a NI PCI-7358 [25]
motion controller, which is programmed using LabVIEW [26]. The motion controller is
the link between the LabVIEW [26] virtual instrument (VI) and the powered drive.
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Figure 4.6 Load Frame Instrumentation Schematic

Table 4.2 Load Frame Schematic Legend

Load Cell

LVDT

Model
Honeywell
23-AL312BR
Honeywell
S3C-BY324
DC-DC Miniature
LVDT

Wiring Diagram
Designation
Vin
Vout
Primary Winding: Vin
Secondary: Vout1 & Vout2

Input / Output Signals
1 Input: 10V DC
1 Output: 0-13 mV DC
Dual Supply Input: +/-12 +/-20 VDC
Single Supply Input: +24 –
+40 VDC
Output: +/- 5 VDC or 0-10
VDC

Stepper
Motor

Elwood-Gettys
NEMA 23A-6102A

A+, ACom, AB+, Bcom, B-

6 Inputs: 5V DC @ 1A
**ACom & BCom Not Used**

Motion
Controller

National Instruments
PCI-7358

N/A

N/A

Power
Driver

National Instruments
MID-7602

N/A

6 Outputs: 5V DC @ 1A
Others Depend on User
Settings
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The pulse train is supplied to the motor by six leads connected to the 2-phase coils.
These coils can be connected in a variety of configurations depending on load demand,
load rate, and available power required by the particular application. The leads Acom and
Bcom are not actually used to supply power to the motor. These wires are the center taps
of the 2-phase coils, and are not necessary for the wiring configuration chosen for this
load frame. The wiring schematic used for this stepper motor is pictured in Figure 4.7.
One of the advantages of using a stepper type motor is that it requires no encoder
to track its position. This is accomplished by electronically logging the number of step
signals sent to the motor. A Linear Voltage Differential Transformer (LVDT) [23] serves
as a backup to the step signal log by verifying the displacement of the stepper motor
shaft. An LVDT is essentially a transformer with one energized primary winding
neighbored by two secondary windings and a movable iron core that slides between these
windings.

Figure 4.7 Stepper Motor Wiring Schematic [25]
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As the iron core moves between these windings, the voltage output of the secondary
windings is proportional to the position of the core. This phenomenon enables a LVDT
to electronically monitor motion by connecting its iron core to a moving object. LVDT
measurements require only a DC excitation voltage and a means of measuring the output
DC voltage [23]. The primary purpose of the LVDT for this load frame is to verify the
step size and linearity of the stepper motor. This verification will be discussed in Chapter
8.
The final primary component is the load cell. A load cell is essentially a
diaphragm instrumented with strain gages that output a DC voltage signal proportional to
the displacement induced by the force applied to the cell. This signal is a result of an
imbalance in the Wheatstone bridge circuit, which occurs when the imposed deflection
distorts the strain gages. By using the Wheatstone bridge circuitry, the load cell can be
electronically calibrated. This is accomplished by using a precision resistor, or shunt
resistor, to simulate a known loading (60 lbf in this instance) on the cell. The DC signal
resulting from the shunt resistor simulated load is compared to that determined by the
manufacture, and the difference between the two used to alter the full scale calibration
factor of the device, thus calibrating the load cell [27].
The output signal from a load cell is measured and filtered in the same fashion as
an LVDT. Electrical signals from the LVDT and load cell are input to the PC using a
PCI based NI 6036E [28] data acquisition card (DAQ card) with a SCB-68 [29]
connection block. Both the load cell and LVDT require excitation by an external power
supply. Figure 4.8 and Figure 4.9 show schematics of the SCB-68 connecting block and
23

lists the associated inputs and outputs. The termination points of the load cell and LVDT
signals are shown in Figure 4.8.

Figure 4.8 SCB-68 Connection Block Schematic [29].
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Figure 4.9 Summary of SCB-68 Terminals [29]. Manufacture’s Default Switch
Positions Are Shown and Used for All Purposes of this System’s Application.

Signal conditioning to amplify and filter the digital signals are also provided by the DAQ
card and connecting block. All programming was done using LabVIEW with VIs written
25

for test control and data collection as discussed in Section 4.0. Details concerning the
resolution of the DAQ card and all instrumentation are provided in Section 5.0.
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CHAPTER V
CONTROL SYSTEM DESIGN
Initiating and controlling crosshead velocity and the termination of a test requires
a control system. Three types of control systems were considered for this load frame:
constant crosshead displacement, constant strain rate, and constant stress rate Only the
constant crosshead displacement control system was programmed. The constant strain
rate and constant stress rate control systems will require feedback controls, and the
complexity involved in these control systems was outside of the scope of this project.
These remaining control systems may be added in future semesters, or as testing needs
dictate. The constant crosshead test was selected initially as it requires only remote
starting, setting a stroke rate, and stopping the test.

Constant Crosshead Velocity Control System
A constant crosshead displacement test from a control system standpoint is the
simplest test, and in this stage of the frame design was the only control system
implemented on this project. A flowchart illustrating the logic sequence for this VI is
presented in Figure 5.1.
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Figure 5.1 Constant Crosshead Displacement DAQ and Control Flow Chart

Constant Strain Rate Control System
To provide the feedback control for a constant strain rate test, the true strain is
constantly calculated based on the crosshead movement. This could also be
accomplished by feedback from either the LVDT, strain gage, or extensometer mounted
on the specimen. Instrumentation mounted directly on the specimen is preferred as the
compliance of the machine is effectively eliminated from the date. Equation 5.1 presents
the Equation for true strain (εtrue):
εtrue = ln (li / lo)

(5.1)

where li and lo are the instantaneous length and original length respectively. By keeping
track of how many steps the motor has traveled during the test, the values of li and lo can
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be calculated by using the nth and n-1 values with respect to time. If time is brought into
the Equation 5.1, the expression for strain rate (ε′) given in Equation 5.2 becomes:
ε′ = [ln (li / lo)] / t = [ln (l2 / lo)] / t2 [ln (t1 / to)] / t1

(5.2)

where l1 and l2 are the instantaneous lengths at time t1 and t2 respectively. Using these
equations and the DAQ flow chart shown in Figure 5.2, LabVIEW calculates the
instantaneous lengths over a designated time interval thus measuring the strain rate
(ε′measured).

Figure 5.2 Constant Strain Rate DAQ and Control Flow Chart
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At the same time, LabVIEW a compares ε′measured and the strain rate specified for the test
(ε′input), and based on this comparison the speed of the stepper motor is adjusted to
maintain a less than a 1% variation between the two.

Constant Stress Rate Control System
Similar methodology is applied for a constant stress rate test. The equation for true stress
(σtrue) is given in Equation 5.3:
σtrue = Favg / Ai

(5.3)

where Favg is average force on the specimen and Ai is the instantaneous cross sectional
area. Based on the assumption of constant volume during a tensile test, the instantaneous
area can be determined from Equation 5.4:
Ai = Ao ⋅ (lo/ li)

(5.4)

and substituting for Ai in Equation 5.3 produces the relationship in Equation 5.5:
σtrue = Favg / Ai = Favg / [Ao ⋅ (lo/ li)]

(5.5)

Using this expression stress rate (σ′) is computed by applying time in Equation 5.6:
σ′ = [Favg / [Ao ⋅ (lo/ l2)]]/t2 [Favg / [Ao ⋅ (lo/ l1)]]/t2]

(5.6)

where l1 and l2 are the instantaneous lengths at time t1 and t2, respectively.
Implementing these Equations into the flow chart shown in Figure 5.3 provides the logic
for the feedback control.
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Figure 5.3 Constant Stress Rate DAQ Flow Chart

LabVIEW compares the calculated value of σ′measured to the strain rate specified for the
test (σ′input) and provides the feedback to adjust the speed of the stepper motor to hold
these values within 1% of one another.
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CHAPTER VI
DATA ACQUSITION DESIGN
Data sampling capability is dependent on the resolution of the digitized analog
signals. This in turn depends on the resolution of the analog to digital (A/D) converter.
Deciding how much data to collect is an important consideration. High sampling rates
permit the digitized data to be reconstructed to closely represent the continuous analog
signals. However, if the data sampling rate is higher than the resolution limits of the
electronic components, then the reconstructed data can be flooded with needless
repetitions. This section contains a discussion of the resolution of the analog to digital
(A/D) conversion components to be considered in determining the accuracy of the
measured signals and associated optimum sampling rates.

Hardware Resolution
The analog to digital conversion of signals input to the PC is accomplished with a
National Instruments PCI 6036E data acquisition card (DAQ). This is an asynchronous
DAQ card with a 16 bit [23] resolution and can accept analog signals within the range of
+/- 0.05VDC to +/-10VDC at a sampling rate of 10,000 samples/second. The signals
from the instrumentation and stepper motor connect to the DAQ card through a National
Instruments SCB-68 connection block. The outputs of the devices connected to the DAQ
card are summarized in Table 6.3. Set to the lowest analog input voltage level, +/-0.05V
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DC, the minimum change in analog signal the DAQ can distinguish is determined by
Equation 6.1
|Vmax – Vmin| / 2(bits)

(6.1)

where Vmin and Vmax are the minimum and maximum of the set voltage range. Assuming
a range of +/-0.05 volts, the DAQ can resolve a minimum voltage of 1.53 x 10-6 VDC. If
a higher voltage range were selected, +/- 5 VDC for instance, the same formula used in
Equation 6.1 would yield a minimum resolvable voltage of 1.53 x 10-4 VDC.

Stepper Motor Resolution
The NEMA 23A-6102A Linear Stepper Actuator has a displacement of 0.00025
inches/step. Less displacement per individual step results in a smoother load frame
actuation, and achieving this is done by microstepping the stepper motor. For this
application, a change in motion every second is desirable. When microstepped 10 times
this becomes 0.000025 in/µstep which translates to 0.0015 in/min. The slowest quasistatic test speed for a miniature tensile coupon is 0.00012 in/minute. [14]. Selecting a
mid-range crosshead velocity of 0.0015 inches/min would require the stepper motor to
change position once a second. Table 6.1 and Table 6.2 summarize the number of steps
required to satisfy the upper and lower limits of crosshead velocity in the region of quasistatic testing.
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Table 6.1 Summary of the Step Size Requirements for Quasi-Static Testing Speeds.
Test Speed
(inches / minute)

Step Size Required
(inches / step)

60

0.00025

0.00012

0.000001

Maximum Quasi-Static Strain Rate
(for miniature specimens)
Minimum Quasi-Satic Strain Rate (for
miniature specimens)

Table 6.2 Summary of the Step Size Requirements for the Chosen Load Frames Test
Speeds.
Test Speed
(inches / minute)

Step Size Required
(inches / step)

Maximum Load Frame Test Velocity

1.00

0.000025

Minimum Load Frame Test Velocity

.0015

.000025

Load Cell and LVDT Resolution
Based on Table 6.2, the minimum crosshead velocity is 0.0015 inches/minute.
Using the minimum resolvable voltage calculated in Equation 6.2, the resolution of the
LVDT was calculated using Equation 6.3. Using the LVDT vendor’s calibration sheet
which specifies a calibration factor of 9.23925 V/in and the achievable resolution of the
DAQ at a range of +/-5 VDC, the minimum detectable reading of the LVDT is
0.00001625 inches as calculated using Equation 6.2
Vres_+/-5V / CFLVDT

(6.2)

where Vres_=+/-5VDC and CFLVDT are the minimum resolvable voltage at +/- 5 VDC and
LVDT calibration factor respectively. Because this measurement is less than a single
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step size, the LVDT will be able to measure the smallest incremental motion the actuator
can generate. The same logic can be applied to the load cell using the load cell vendor’s
calibration factor, 0.025271 VDC/lbf , the minimal force reading that can be resolved is
0.0061 lbf given by Equation 6.3
Vres_+/-5V / CFLC

(6.3)

where Vres_+/-5V and CFLC are the DAQ card voltage range setting and the load cell
calibration factor respectively.

Data Acquisition Rate
Based on the minimum crosshead velocity from Table , the number of microsteps
per second is 1 µstep/second as calculated using Equation 6.4
Velmin/Step Size = (0.0015 in/min)/(0.000025 in/step) = 1 µsteps/second

(6.4)

where Velmin is the minimum test velocity. At this point, choosing a sampling rate is
simply a question of test speed. At the slowest test speed, it would make little sense to
sample data quicker than 1 Hz, because it is at this speed that position and,
consequentially, load are changing. However, as the testing speed increases so will the
frequency of data capture; at the highest test speed of 1.0 inches/min the stepper motor is
changing position 666.667 times/second. The limitations and resolutions for the
instrumentation, stepper actuator, and data sampling rate are summarized in Table 6.3.
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Table 6.3 Data Acquisition and Instrumentation Resolution Summary
Instrument Capability
Minimum DAQ Analog Signal Reading @ +/- 0.05V DC
Minimum DAQ Analog Signal Reading @ +/- 5V DC
Minimum LVDT Reading
Minimum Load Cell Reading
Maximum Suggested Data Capture Rate @ 0.00125 in/min
Maximum Suggested Data Capture Rate @ 1 in/min
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Value
0.00000153
0.000153
0.00001625
0.0061
700
1

Units
VDC
VDC
inches
lbf
points/
second
Points/
second

CHAPTER VII
LOAD FRAME CONSTRUCTION

Fabrication of Parts
The load frame components, documented in Appendix A, were fabricated by
technicians at the Institute for Clean Energy Technology (ICE-T) [30] at MSU. The
materials used in the fabrication of the miniature load frame are listed in Table 7.1. The
15-5 PH stainless steel was donated by NASA-Marshall Space Flight Center. The frame
rails and connecting rods were fabricated from polished 440C stainless steel rods,
purchased from McMaster-Carr [31].

Costs
The total cost of raw material and instrumentation associated with the miniature
load frame was approximately $5559.00. Table 7.1 and Table 7.2 summarize the
hardware and instrumentation costs associated with the construction of the load frame.
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Table 7.1 Hardware and Fabrication Cost Summary
Component
1" 440C Stainless Steel Rods
1" Linear Bearings
3/8" 440C Stainless Steel Rods
3/8" Linear Bearings
Crossheads
Miscellaneous Hardware
Total Hardware Cost

Material Cost
$
40.00
$
160.00
$
10.00
$
80.00
Donated Material
$
100.00
$
390.00

Table 7.2 Instrumentation Cost Summary
Instrument
Stepper Actuator
Load Cell
LVDT
Motion Controller
Data Acquisition Card
Motor Power Drive
LabVIEW Motion Assistant 2.0
Miscellaneous Cabling and Shipping
Total Instrumentation Costs

Manufacturer
Elwood-Gettys
Honeywell-Sensotec
Honeywell-Sensotec
National Instruments
National Instruments
National Instruments
National Instruments
N/A
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Model
NEMA 23A
34
S3C
PCI 7358
PCI 6036E
MID 7602
Version 2.0
N/A

$
$
$
$
$
$
$
$

Price
260.00
678.00
631.00
1525.00
N/A
1615.00
200.00
260.00
5169.00

CHAPTER VIII
OPERATION
User Interface
User friendliness was important in the design of the user interface. This load
frame needs to be easily configurable and intuitive to use, thus the LabVIEW VI
incorporates all settings needed to configure a test on its front panel. A screenshot of the
VI front panel is shown in Figure 8.1. Using the LavVIEW VI front panel, the user can
calibrate the load cell, select the active motor axis, command a target motor position,
select a data acquisition rate, and command a target velocity as well as monitor the status
of the test.

Calibration Procedure
The load cell is the only instrument that requires routine calibration. Calibrating
the load cell requires the user to first start the VI, which will activate the DAQ
capabilities. However, the motor will not start until the user has inputted a command that
calibration has been completed. Next the user must balance the load using the indicators
provided on the VI. The grips should be unloaded (no specimen) during this procedure.
Once the load has been balanced, a toggle switch on the external calibration box,
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illustrated in Figure 8.2, must be turned on. This connects a precision 59 kΩ shunt
resistor to the load cell circuit. This will result in a shunt voltage reading on the VI.

Figure 8.1 LabVIEW VI Front Panel for Miniature Load Frame

After recording the shunt voltage, the toggle switch on the calibration box must be turned
off, and the VI load reading should be checked to ensure that it returned to zero. Next,
the recorded shunt voltage should be recorded to the “New Shunt Calibration Factor”
input line. LabVIEW will use this shunt voltage to calibrate the load cell via preprogrammed calculations. The load cell calibration is now complete, and once the virtual

40

switch labeled “calibration complete” is activated, the motor will start thus beginning the
test.

Figure 8.2 External Calibration Box Wiring Schematic
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CHAPTER IX
VERIFICATION
Load Measurement Validation
ASTM offers suggestions on how to validate the load cell measurements [12, 13].
This procedure involves dead weighting the load cell with a series of 10 different
weights, each three times, to ensure accurate, repeatable load measurements. Instead of
using this procedure, the miniature load cell was mounted in a calibrated, verified load
frame and the calibrated load frame’s force reading was compared to that of the miniature
load cell. The two readings were generally within +/- 0.1-0.4 lbf of one another with the
larger error occurring near the 80 lbf – 90 lbf range.

Stepper Motor Verification
The LabView VI is programmed to keep track of the step count sent to the motor,
and by multiplying this value by the motor step size, 0.000025 inches, the motor
extension at any instance can be determine. Plotting this “calculated” motor extension
versus the step count, as done in Figure 9.1, produces a linear curve with slope 0.000025,
whose is equivalent to the motor’s step size. The crosshead extension was verified using
a parallel LVDT measurement. Plotting the LVDT measured motor displacement versus
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the LabVIEW step count, shown in Figure 9.2, produces a linear curve very similar to
that of Figure 9.2. The slope of the linear curve in Figure 9.2 is 0.0000248, similar to
that measured in Figure 9.1 thus validating the motor step size and linearity.

Motor Extension vs. Steps
0.0350
0.0300

Extension (in)

0.0250
0.0200
y = 0.0000250x + 0.0000000

0.0150
0.0100
0.0050
0.0000
0

200

400

600

800

1000

1200

1400

Steps

Figure 9.1 Motor Extension per Step Count as Calculated via LabVIEW.

Test Data
Two specimens fabricated of AA6061-O were tested in tension. One specimen
was tested using a calibrated Instron 5869 [1] load frame with a 10000 lbf load cell, and
the other was tested using the miniature load frame.
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LVDT Extension vs. Step Count
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0.0000
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200

400

600

800

1000

1200

1400

Steps

Figure 9.2 Stepper Motor Extension per Step as Measured by the LVDT.

Each specimen was tested using a constant crosshead velocity of 0.02 in/min. Stressstrain curves were generated from these tests and the ultimate tensile strength (σUTS),
yield strength (σYS), and elongation to fracture (εf) determined from these curves are
summarized in Table 9.1. The properties determined with the Instron and Miniature load
frames are similar, but only the ultimate tensile strength agrees with the published
mechanical properties. The AA6061-O material used to fabricate the test coupons was
cold rolled, which could have effected the yield strength and elongation to fracture. In
general, operation of the miniature load frame is comparable with that of a commercial
load frame.
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Table 9.1 6061 - O Stress-Strain Data Collected Using the Miniature Load Frame and an
Instron 5869. Values are Compared to Published Values for AA6061-O.
σUTS
(psi)

σYS

εf

(psi)

(%)

18300

13500

17.5

Test Speed: 0.02 in/min
Load Cell Used: 10000 lbf

18500

13200

18.5

Published Mechanical Properties [31]

18000

8000

25

Custom Miniature Load Frame
Test Speed: 0.02 in/min
Load Cell: 100 lbf

Instron 5869 Load Frame
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CHAPTER X
FUTURE WORK
Future improvements that are recommended include: additional feedback control
and direct specimen strain instrumentation.

Feedback Control
To support testing at either low or high temperatures, additional feedback control
logic is recommended. The logic for load control, constant strain rate, and constant stress
rate tests were summarized in Section 5.1. The LabVIEW program developed can be
modified to select between VIs to control the test selected.

Direct Strain Measurement
Direct measurement of specimen strain would isolate directly the machine
compliance. For the small specimen size it is recommended to consider either a non
contact laser based extensometer or small strain gauges mounted directly on the
specimen. It may also be possible to use a digital camera to capture the specimen strain
during a test by use of a grid pattern applied on the specimen.
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CHAPTER XI
SUMMARY
A miniature tensile load frame was designed, constructed, and instrumented, for
use in tensile testing small material volumes. The load frame has a 100 lbf loading
capacity at extension rates ranging from 0.0015 in/min – 1.0 in/min. Tests were
performed to verify the operation and behavior of the load frame.
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APPENDIX A
MINIATURE LOAD FRAME TECHNICAL
DRAWINGS
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APPENDIX A

Figure A.1 Load Frame 3D Model
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Figure A.2 Motor Side Fixed Crosshead Drawing

Figure A.3 Load Cell Side Fixed Crosshead Drawing
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Figure A.4 Movable Crosshead Drawing

Figure A.5 Connecting Rod Support Drawing
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Figure A.6 Motor Side Connecting Rod Drawing

Figure A.7 Load Cell Side Connecting Rod Drawing
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Figure A.8 Load Cell Expansion Coupler Drawing

Figure A.9 Load Cell Expansion Coupler Insert Drawing
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Figure A.10 Specimen Grips Drawing
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APPENDIX B
MINIATURE LOAD FRAME
PHOTOGRAPH
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APPENDIX B

Figure B.1 Miniature Load Frame Picture
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